the coding DNA. This nick is then converted to a doublestrand DNA break with a blunt 5Ј-phosphorylated signal end and a hairpin coding end. The RAG proteins (with the help of the nonspecific DNA-binding protein HMG1) are also capable of forming a synaptic complex specific Kevin Hiom, † Meni Melek, † and Martin Gellert* Laboratory of Molecular Biology National Institute of Diabetes and Digestive and Kidney Diseases National Institutes of Health Bethesda, Maryland 20892-0540 for a 12/23 pair of RSSs and performing coupled cleavage (van Gent et al., 1996b; Hiom and Gellert, 1998) . It has been suggested that the organization of the RSSs at the immunoglobulin and T cell receptor loci is Summary reminiscent of the sequences at the ends of transposable elements (Sakano et al., 1979; Thompson, 1995) The RAG1 and RAG2 proteins are known to initiate and that the close linkage of the RAG1 and RAG2 genes V(D)J recombination by making a double-strand break also argues for derivation from a mobile DNA species between the recombination signal sequence (RSS) and (Oettinger et al., 1990). More recently this connection the neighboring coding DNA. We show that these prohas been supported by studies from our laboratory in a reaction parallel to the "dis-integration" promoted by HIV integrase. Dis-integration is a reversal of the Introduction transpositional insertion of an HIV DNA end into a target DNA (Chow et al., 1992), and the formation of a hybrid V(D)J recombination is the process by which functional joint, which joins a cleaved signal end to a hairpin coding immunoglobulin and T cell receptor genes are assemend, is a similar reversal. Hybrid joints are still produced bled from multiple gene coding segments. Recombinain cells unable to make coding joints or signal joints tion is directed by specific recombination signal sebecause of defects in double-strand break repair; thus, quences (RSS), which are situated adjacent to every hybrid joints are probably formed by the RAG proteins coding segment. An RSS is composed of conserved in vivo as well (Bogue et al., 1997; Han et al., 1997) . heptamer and nonamer motifs separated by a relatively
. Schematic Representation of One-Step Transesterification Reactions Carried out by the RAG1 and RAG2 Proteins
In the formation of hairpin coding ends, the 3Ј-OH group of a nicked intermediate is used to attack the phosphodiester bond directly opposite in the other DNA strand (van Gent et al., 1996a) . Similarly, hybrid joints are formed by using the 3Ј-OH group of a cleaved signal end to attack the phosphodiester bond of the hairpin coding end, resulting in covalent attachment of signal and coding ends in one strand. The RSS is denoted by a black triangle.
to a second DNA, because incubation of radioactively labeled oligonucleotides with a larger DNA should result in the transfer of label to the high molecular weight species.
Paired complexes were assembled by incubating proteins have also been shown to carry out either single- we looked at the strand connections between donor and target DNA. Insertion site sequences were amplified by PCR with one primer complementary to the intervening sequence of the donor DNA and various primers showed joining of either the cleaved 12-spacer or 23-spacer RSS to the target DNA into either strand and at complementary to the pBR322 target. Amplified DNAs were cloned and sequenced. Sequence analysis clearly a variety of sites ( Figure 2C ). In all cases, the 3Ј end of the heptamer (5Ј-CACTGTG-3Ј) was joined directly to 
End Complexes
After RSS cleavage, the cleaved signal ends remain bound by the RAG proteins in a signal end complex ( Figure 3 , lanes d and f). Hence, the SEC appears to be (SEC) (Agrawal and Schatz, 1997; the functional complex for transpositional strand trans-1998). We therefore tested the ability of the precleaved fer into a DNA target. signal end complexes to carry out the strand transfer reaction. As with the PC, the SEC can be assembled from oligonucleotide DNA substrates (Hiom and Gellert, Transposition Occurs by Nucleophilic Attack of an OH Group 1998). When SECs were incubated with the RAG and HMG1 proteins and a plasmid DNA, we again found the The transpositional strand transfer of RSS DNA was reminiscent of the reactions of bacterial transposons nicked circle and linear products of strand transfer. The mobility of these slower migrating product depended such as Tn7 and Tn10, where double-strand breakage at the transposon end is followed by attack of the action the size of the target DNA, being faster with pUC19 (2.68 kb) than with pBR322 (4.36 kb) (Figure 3 , compare vated 3Ј-OH group from the donor DNA on the phosphodiester backbone in the target DNA (reviewed in Mizulanes f and h). However, unlike the PC, the SEC was able to transfer the RSS ends in Ca 2ϩ as well as in Mg 2ϩ , uchi, 1992a, 1997) . We asked whether a 3Ј-OH group was also required for the transposition of RSSs by the indicating that the requirement for Mg 2ϩ was bypassed if the RSS was precleaved (Figure 2A, lanes f and h) .
RAGs. To address this question, we assembled SECs from oligonucleotides in which the 3Ј-terminal deoxyHence, the RSS strand transfer can be divided into two steps: RSS cleavage, which is Mg 2ϩ -dependent and corguanosine was substituted by a dideoxyguanosine. This replaces the attacking 3Ј-OH group with a hydrogen. responds to the excision step of a transpositional reaction; and a Mg 2ϩ -independent strand transfer step, which inWe then performed reactions in which either or both signal ends of the SEC contained a 3Ј dideoxy group. tegrates the cleaved signal ends into the target DNA.
Transposition of the RSSs was rather efficient, with When either the 12-or 23-spacer RSS had a dideoxy end, the main product was the nicked circle, consistent about 2%-5% of the donor DNA forming strand transfer products. The reaction required both the RAG1 and with insertion of only a single RSS into the target ( . This confirmed requirement for a 12/23 pair was also true for uncleaved RSSs (data not shown). We interpret these results to our earlier conclusion that the nicked circle and linear products corresponded to single-and double-ended mean that synapsis of RSSs is required for strand transfer. Individual labeling of the 12-spacer and 23-spacer insertion. Furthermore, it demonstrated that a 3Ј-OH group is absolutely required for RAG-mediated strand cleaved signals demonstrated that the efficiency of strand transfer/integration by either RSS was similar transfer. Cleaved signal end substrates were synthesized in which the terminal deoxyguanosine (3Ј-OH) nucleoside of the bottom strand was substituted by a dideoxyguanosine (3Ј-H). Signal end complexes containing combinations of deoxy and dideoxy signals (as indicated) were assembled and transposition carried out with a pBR322 target, as described in Experimental Procedures. Products were analyzed by electrophoresis in a 1% agarose gel. 32 P-labeled signal end substrates (3Ј-end, top strand) are denoted by an asterisk. Deoxy (d) and dideoxy (dd) substrates are indicated. Linear (lin) and nicked circle (nc) products are shown.
Two-Ended Insertion and Target Site Duplication
In vivo, the pair of 12-spacer and 23-spacer RSSs chosen for recombination is normally contained on the same DNA molecule. Two-ended transpositional recombination from such a donor into a plasmid would produce a circular molecule containing a fully integrated RSS- labeled DNA species formed in the presence of the target ( Figure 5B ). Comparison to DNA markers indicated that the faster migrating of these two products resulted produced a unique target site duplication, we analyzed the DNA sequences flanking individual integrants. First, from the coupled insertion of RSSs from two separate donor molecules into the same target DNA molecule, we identified two-ended integrants into plasmid pZErO-2 by a genetic screen. This plasmid encodes the ccdB producing a linear DNA with donor fragments on each end. The mobility of the slower migrating DNA species gene, which is lethal when expressed in certain strains of E. coli. Transpositional insertions that inactivated the was consistent with two-ended insertion of RSSs contained on the same donor molecule.
ccdB gene should allow propagation of the plasmid. Products of transposition reactions carried out with the Earlier work on various transposons has shown that the insertions of the two ends into opposite strands of MM101 donor DNA described above and plasmid pZErO-2 were transformed into E. coli TOP 10 and plated with the target DNA are staggered by a few base pairs. Repair of these insertions produces small regions of duplicated kanamycin to select for retention of the pZErO plasmid. Transformants were then screened for the presence target sequence flanking the integrated DNA sequence. To investigate whether RAG-mediated transposition of the transposed DNA by colony hybridization using 32 P-labeled probes containing 12-spacer or 23-spacer transposon Ascot-1 (Colot et al., 1998) . The similarity of coding joint formation in V(D)J recombination to the RSS sequences. Sequence analysis of these integrants showed that two-ended insertion produced a 5 bp duplirejoining of chromosome ends after excision of plant transposons was previously noted (Thompson, 1995) . cation at either end of the inserted DNA sequence (Figure 5C ). Again we observed no discernible sequence
Transposition by Tn10 has also recently been shown to proceed via a hairpin intermediate (A. K. Kennedy, A. specificity, but a strong preference for G-C base pairs surrounding the insertion site.
Guhathakurta, N. Kleckner, and D. B. Haniford, personal communication), although in this case the hairpins are formed on the transposon ends. The linkage of hairpin Discussion formation with transposition in these several systems is a striking example of the versatility of transesterification RAG-Mediated Transposition and Recombination Soon after V(D)J recombination was described, a possireactions.
The presence of a defined duplication in the twoble relation to transposition was suggested based on the similarity of the RSSs to the inverted repeat sequences ended insertions implies the presence of an organized transpositional complex such as is found in other transtypically found at transposon ends (Sakano et al., 1979) . The chemical similarities between the reactions of the position reactions. The particular duplication length of 5 bp also has precedents, being the same as in the RAG proteins and those of transposable elements strengthened this relationship (Craig, 1996; bacterial transposons Tn1000 and Mu (Mizuuchi, 1992b) . Although target sites for RAG-mediated transposition al., 1996a). A further link was established by the resemblance between the formation of hybrid and open-andare not specific, there does appear to be a strong preference for GC-rich sites. shut joints by the RAG proteins and the dis-integration reaction catalyzed by HIV integrase (Chow et al., 1992;  In normal V(D)J recombination the signal ends are eventually ligated head-to-head to form signal joints in Melek et al., 1998) . In this work, the relationship is extended by demonstrating that the RAG proteins can a process that depends on several factors of the doublestrand break repair pathway as well as the RAG proteins actually carry out transpositional strand transfer.
The requirements for strand transfer are simple. In (Bogue and Roth, 1996) . As it is now evident that the signal ends can alternatively be diverted into the transaddition to the RAG proteins, only the nonspecific DNA-binding protein HMG1 is required. The attack on positional reaction, it will be interesting to study factors affecting the balance of these two pathways in the celluthe target DNA can be either one-ended, leading to a branched molecule, or two-ended ( Figure 2B ). Sequence lar environment. It seems plausible that cleavage at a single RSS, or a failure of double-strand break repair, analysis of the products shows that it is the 3Ј end of the cleaved RSS that becomes covalently linked to the could leave signal ends available for transposition, leading to interchromosomal translocations as is discussed target DNA, as is true for other transposition reactions (Mizuuchi, 1992b) . Consistent with this result, replacemore fully below. ment of the last nucleotide of the RSS by a dideoxynucleotide blocks integration of the donor DNA into the Transposition and the Origins of Antigen target, because it removes the attacking 3Ј-OH group.
Receptor Diversity The RAG1/2 transposase is distinct from many others A role for transposition in the evolution of the Ig and TCR in being a two-protein assembly, whereas the majority loci has previously been suggested (see, for example, consist of a single polypeptide chain. However, this ar- Thompson, 1995) . The RAG genes are found only in rangement is not unprecedented, because the Tn7 organisms with a combinatorial immune system, and transposase also is made up of two separate proteins, lower organisms contain no sequences with extensive TnsA and TnsB (Craig, 1997) . similarity to these genes. These facts have been used Because of the strand polarity of RAG cleavage, with to argue that the RAG genes and their RSS recognition the first nick leaving a 5Ј end on the RSS, the signal end sequences might have been transferred together by cannot act as a transposition donor until cleavage is transpositional means. This suggestion is strengthened completed by cutting the other strand to expose the by the close proximity of RAG1 and RAG2 in the genome 3Ј-OH. Since only fully cleaved RSSs can be donors, (Oettinger et al., 1990) . It is envisaged that such a primorthe RAG-catalyzed transposition appears to fall into the dial element might have contained the RAG genes category of "cut-and-paste" reactions typified by eleflanked by RSSs, so that the RAG "transposase" would ments such as the bacterial Tn7 and Tn10 transposons have been transferred together with its recognition sites, or the P elements of Drosophila, which also initiate with functioning as a complete transposon. a double-strand break and transfer the element to a
In the present-day arrangement, the RAG genes and new site without leaving a copy in the original location the RSS elements are unlinked, so transposition will (Mizuuchi, 1992b) . RAG-mediated RSS cleavage might relocate pairs of RSSs and the sequence contained betherefore be viewed as the excision step of the transpotween them but leave the RAG genes undisturbed. This sition.
process could have contributed to the diversification of A growing list of other transposable elements appears Ig and TCR loci. If a pair of RSSs was transposed in to go through hairpin intermediates, because short selfgermline cells into a site containing other RSSs (on ancomplementary insertions are found in their excision other chromosome or a sister chromatid), this would footprints. This group includes the plant transposons have multiplied the number of RSS-flanked elements at Ac/Ds and Tam3 (Coen et al., 1989) , the Drosophila element hobo (Atkinson et al., 1993) , and the Ascobolus that locus. Further multiplication could have occurred by repeated rounds of transposition or by unequal crossing-over during homologous recombination. In addition, RSSs at a single locus would also be expected to undergo further rearrangement (inversions and deletions) via RAG-mediated recombination between different pairs of signals.
Transposition and Translocation
Chromosomal translocation is a well-known cause of lymphoid malignancies, with various oncogenes becoming physically linked to an expressed Ig or TCR locus (for reviews, see Tycko and Sklar, 1990; Korsmeyer, 1992) . Although some translocations have been associated with switch recombination (reviewed in Rabbitts and Boehm, 1991) breakage has never been clear, and its use to explain this class of translocations is rather arbitrary. We propose that the translocations involving only one The model described above makes some testable pre-RSS may arise instead by RAG-mediated transposition.
dictions. The hairpin intermediate made in this scheme As shown in Figure 6 (step 1), a one-ended transposimight be expected to introduce self-complementary "P tion could link an RSS from an Ig or TCR locus to a nucleotide" tracts in the oncogenic fusion, but as in random site on another chromosome. In the resulting normal V(D)J recombination, only a fraction of the juncthree-branched structure, the branch with the exposed tions would contain these insertions. In addition, in 3Ј-hydroxyl group is chemically analogous to a nicked transposition-generated events, the reciprocal translo-RSS in normal RAG-mediated cleavage and could be cation of the oncogenic fusion should contain an RSS further processed to generate a hairpin end and one from an antigen receptor locus joined to a non-RSS interchromosomal junction containing the RSS ( Figure  sequence on the partner chromosome. Such reciprocal 6, step 2). Since this break presumably occurs within a products have not usually been subjected to sequence complex that also contains the hairpin coding end from analysis. Further analysis of translocation sequences the original cleavage at the Ig or TCR locus, joining of should allow these predictions to be tested. the two hairpin ends (Figure 6, step 3) would then generAnother class of translocations, seen both at the IgH ate the reciprocal chromosomal translocation. An event locus (Bakhshi et al., 1987) and the TCR␦ locus (Begley of this nature would have to begin with cleavage at only et al., 1989), may also be explained by a transpositional one RSS, instead of the more usual coupled cleavage.
pathway. In these events, one translocated chromoSingle cleavages are about 20-fold less frequent than some contains a D region and the upstream part of the coupled cleavages, but they cannot be resolved by norantigen receptor locus, the other contains a J (or another mal V(D)J joining because of the absence of a cleavage D) region and the downstream part of the locus, the partner. The ends may thus be unusually available for intervening segment is missing, and neither product transposition. This mechanism is distinct from end docontains an RSS. Such translocations could result from nation as it was previously described, because the coupled cleavage at IgH D and J (or TCR␦ D1 and D2) breaks on both partner chromosomes are generated by the RAG proteins.
followed by a two-ended transposition that inserts the products were cloned using a TA Topo cloning kit (Invitrogen) and transformed into competent DH5␣ cells (Life Technologies). DNA Experimental Procedures was extracted from individual clones using a Qiagen Bio Robot 9600 machine and reagents. Sequencing reactions were carried out using Proteins a DNA sequencing kit (PE Applied Biosciences) and M13 (-24) re-RAG1 and RAG2 fusion proteins (MR1 and MR2) were prepared as verse primer (New England Biolabs) according to the manufacturers' previously described (McBlane et al., 1995) . HMG1 protein was a instructions. Sequencing reactions were analyzed using an ABI 310 gift from R. Johnson (UCLA). automated sequencer.
DNA Donors and Targets
Determination of Target Site Duplication Uniformly labeled DNA donor MM101 was prepared by PCR amplifiTransposition reactions (15 l) were performed as described above, cation of plasmid pMS326 (Sadofsky et al., 1995) with primers DAR4 except with unlabeled linear donor substrate and 150 ng pZErO-2 and DAR5 (Ramsden et al., 1997) , using PCR Master Kit (Boehringer) target DNA. Reactions were extracted with phenol/chloroform, preand ␣-32 P-dATP (NEN). Full-length substrates were purified by acrylcipitated with ethanol, and resuspended in 9 l TE (10 mM Tris, 1 amide gel electrophoresis. MM101 is 543 bp in length with the hepmM EDTA). DNA (1 l) was used in each of 9 separate transformatamer motifs of the 12-spacer and 23-spacer RSSs separated by tions into TOP 10 competent cells (Invitrogen) performed in accord 268 bp. RSSs were bordered by 101 bp of "coding flank" DNA at with the manufacturer's instructions. Transformants were selected the 12-RSS and 174 bp at the 23-RSS ( Figure 5A ).
on LB plates containing 30 g/ml kanamycin. Colonies were blotted Oligonucleotides were synthesized using an Applied Biosystems onto nitrocellulose membrane discs and lysed by immersing in 10% 394-8 synthesizer and purified by polyacrylamide gel electrophore-SDS solution for 10 min. Membranes were then immersed in 0.5 M sis under denaturing conditions. Oligonucleotide substrates were 3Ј-NaOH, 1.5 M NaCl for 5 min to denature the DNA and neutralized end labeled with 32 P-cordycepin (NEN) using recombinant terminal for 5 min in 0.4 M Tris (pH 7.4), 2ϫ SSC. Membranes were crosslinked deoxynucleotidyl transferase (GIBCO Life Technologies) on the top for 1 min using a UV Stratalinker (Stratagene). Blots were hybridized strand as previously defined (Hiom and Gellert, 1998) . Precleaved to 10 ng of 32 P labeled probe, either LB3 (12-RSS) or DAR3 (23-12-signal end and 23-signal end substrates have been described RSS), for 2 hr at 60ЊC and then washed once for 15 min at 60ЊC in (Hiom and Gellert, 1998) , and the 12-spacer RSS and 23-spacer 4ϫ SSC and three times for 15 min each at 60ЊC in 2ϫ SSC, 0.2% RSS substrates with a 16 bp coding flank were previously used SDS. 32 P label was detected by autoradiography. Clones positive (McBlane et al., 1995) . Signal end substrates containing 3Ј dideoxy for both LB3 and DAR3 were isolated and their DNA sequenced as termini were synthesized as above except using a dideoxy GTP described above using primers JH129 (5Ј-CTCACCAATAAAAAACG column (Glen Research). pUC19 DNA was purchased from New CCCGGCGGC-3Ј) and JH130 (5Ј-GAGAACTTTGGAATCCAGTCCC England Biolabs, pZErO-2 was purchased from Invitrogen, and TCTTCC-3Ј). pBR322 DNA was a gift from Mary O'Dea.
